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We have obtained resonance Raman spectra of iodocyclopentane in cyclohexane solution at three
excitation wavelengths resonant with the A-band absorption. The A-band resonance Raman spectral
bands can be assigned to fundamentals, overtones, and combination bands of seven axial conformer
and eight equatorial conformer Franck–Condon active modes. The resonance Raman and absorption
cross sections were simultaneously simulated using wave packet calculations and a simple model.
The best fit parameters of the simulations and the normal mode descriptions were used to determine
the A-band short-time photodissociation dynamics of the axial and equatorial conformers of
iodocyclopentane. The axial and equatorial conformers exhibit noticeably different short-time
photodissociation dynamics that suggest that the C–I bond cleavage process is conformation
dependent. The axial conformer short-time photodissociation dynamics have larger changes in the
carbon–carbon stretch and three carbon atom bending motions as well as the torsional motion about
the a and b carbon atom bond. The CCI bending motions for the axial and equatorial conformers
of iodocyclopentane as well as previously reported results for the equatorial conformer of
iodocyclohexane are significantly smaller than CCI bending motions found for most noncyclic
iodoalkanes examined so far. This suggests that the cyclic backbone restricts the initial motion of
the C–I bond cleavage along the CCI bend in iodocycloalkanes compared to the noncyclic
iodoalkanes. © 1999 American Institute of Physics. @S0021-9606~99!00948-4#I. INTRODUCTION
Iodoalkanes have long been investigated in the A-band
absorption ~; 260 nm! as a model for direct photodissocia-
tion reactions.1–79 A great deal of experimental and theoret-
ical work has been done to elucidate the photodissociation
dynamics, the energy disposal, the branching ratio of the 3Q0
and 1Q1 curve crossing and other aspects of the direct pho-
todissociation reactions of iodoalkanes.1–80 However, there
have not been very many investigations of the effect of geo-
metrical conformation on the dynamics and energy disposal
of A-band photodissociation of iodoalkanes. A time-of-flight
photofragment translational spectroscopy study of the
A-band iodocyclohexane photodissociation determined the
translational energy distributions of the I* and I fragments
and found that the axial conformer receives 6.0
60.8 kcal/mol more translational energy than the equatorial
conformer.81 This indicates that the cyclohexyl radical pro-
duced from the equatorial conformation A-band photodisso-
ciation receive more internal excitation than the cyclohexyl
radicals produced from the axial conformation photodisso-
ciation. A resonance Raman examination of the A-band
short-time photodissociation dynamics of the equatorial con-
former of iodocyclohexane found that the initial C–I bond
length changes suggest the cyclohexyl radical gains substan-
tial internal excitation82 consistent with the time-of-flight
photofragment translational spectroscopy study.81 Compari-
son of the short-time photodissociation dynamics results for
A-band iodocyclohexane with previous results found for sev-
a!Author to whom correspondence should be addressed.11030021-9606/99/111(24)/11034/10/$15.00
Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to eral noncyclic iodoalkanes79 suggested that the geometry of
the C–I bond relative to the plane of the a-, b-, and g-carbon
atoms of the cylohexyl group is important in deciding the
amount of internal excitation of the cyclohexyl fragment.82
The time-of-flight photofragment spectroscopy and reso-
nance Raman spectroscopy experimental results81,82 imply
that the two different geometrical conformations ~axial and
equatorial! of iodocyclohexane have significantly different
photodissociation dynamics and energy disposal. Single
bond rotational conformers have also been investigated for
1-iodopropane A-band photodissociation in the gas and solu-
tion phases.65,79 Resonance Raman experiments showed that
the trans and gauche conformers of 1-iodopropane have sig-
nificantly different multidimensional short-time photodisso-
ciation dynamics that can in large part be attributed to the
position of the C–I bond relative to the plane of the three
carbon atoms of the n-propyl group in 1-iodopropane.79 Mo-
lecular beam experiments suggested that the n-propyl radi-
cals formed from A-band photodissociation of trans and
gauche conformations of 1-iodopropane had similar broad
translational energy distributions.6 However, the different
short-time photodissociation dynamics for the trans and
gauche conformations of 1-iodopropane79 suggests that the
energy disposal is likely distributed among significantly dif-
ferent distributions among the internal degrees of freedom
for the n-propyl radicals formed from the trans and gauche
conformers of 1-iodopropane.
In this paper, we examine the short-time photodissocia-
tion dynamics of the axial and equatorial conformers of io-
docyclopentane. Most halocyclopentanes display signifi-4 © 1999 American Institute of Physics
AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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halocyclohexanes.83–88 The equatorial conformation is gen-
erally more stable than the axial conformation for
halocyclohexanes89–91 while the axial conformation is usu-
ally more stable than the equatorial conformation for halocy-
clopentanes like chlorocylopentane.83–88 For iodocyclohex-
ane in room temperature solutions ~and in the gas phase! the
equatorial conformation has most of the population relative
to the axial conformation ~for acetonitrile solvent the relative
populations are ;78% equatorial and ;22% axial
conformations!.82 This made it difficult to extract reliable
axial resonance Raman band intensities from the A-band
resonance Raman spectra of iodocyclohexane and prevented
a detailed comparison of the equatorial and axial conforma-
tion short-time photodissociation dynamics.82 For iodocyclo-
pentane, the relative populations of the axial and equatorial
conformations are more similar to one another ~about 50%
for each conformer!80 and this allows us to obtain informa-
tion about both conformations and a detailed comparison of
the A-band short-time photodissociation dynamics.
II. EXPERIMENT
Samples for the resonance Raman experiments were pre-
pared using iodocyclopentane ~99%! and spectroscopic grade
cyclohexane ~99.91%! purchased from Aldrich. Sample
concentrations ranging from 0.10 to 0.15 M iodocyclopen-
tane in cyclohexane solvent were used in the Raman experi-
ments. The methods and apparatus used for the resonance
Raman spectroscopy experiments have been previously
described69–79 and only a short description will be given
here. The harmonics of a nanosecond Nd:YAG laser
~Spectra-Physics GCR-150-10! and their hydrogen Raman
shifted lines gave the excitation wavelengths for the reso-
nance Raman experiments. The excitation laser beam was
loosely focused ~50–100 mJ and ;0.5 mm diam! onto a
flowing liquid sample using a backscattering geometry. The
resonance Raman scattered light was collected using reflec-
tive optics and imaged through a depolarizer and entrance
slits of a 0.5 m spectrograph. The 1200 groove/mm grating
of the spectrograph dispersed the Raman light onto a liquid
nitrogen cooled CCD mounted on the exit of the spec-
trograph. The Raman signal was acquired for approximately
90–120 s prior to collection by an interfaced PC computer
and 10–30 of these scans were summed to obtain the reso-
nance Raman spectrum.
The Raman shifts of the resonance Raman spectra were
calibrated using the known vibrational frequencies of the cy-
clohexane solvent Raman bands. The resonance Raman
spectra were corrected for sample reabsorption as described
in Ref. 92. Solvent Raman bands were subtracted from the
resonance Raman spectra using an appropriately scaled sol-
vent spectrum. Spectra of an intensity calibrated deuterium
lamp were used to correct the resonance Raman spectral in-
tensities for the variation in detection efficiency as a function
of wavelength. Portions of the resonance Raman spectra
were fitted to a baseline plus a sum of Lorentzian bands to
obtain the integrated areas of the Raman bands.
The absolute resonance Raman cross sections of iodocy-
clopentane were determined relative to the 802 cm21 cyclo-Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to hexane solvent band.93,94 The concentrations of the iodocy-
clopentane sample solutions were measured before and after
each Raman cross section measurement using an ultraviolet–
visible spectrometer. During the absolute Raman cross sec-
tion measurements, the absorption spectra changed by less
than 5% due to photodecomposition and/or solvent evapora-
tion. The absolute Raman cross sections were computed us-
ing the average concentration obtained from the before and
after absorption spectrum for each Raman measurement and
the mean of three runs was used to get the final value for
each wavelength.
III. CALCULATIONS
A. Time-dependent wave packet calculations and
normal coordinate computations
A simple model and wave packet calculations95–99 were
used to simulate the absorption spectrum and resonance Ra-
man intensities. These calculations and model are not meant
to be a complete description of the absorption and resonance
Raman spectra, but are used to extract the main features of
the short-time photodissociation dynamics for the axial and
equatorial conformers of iodocyclopentane. Since the direct
C–I bond cleavage of iodoalkanes is typically ,100 fs and
the axial to equatorial interconversion of iodocyclopentane
takes a much longer time, the axial and equatorial conform-
ers likely do not interconvert during the A-band photodisso-
ciation. Thus, the iodocyclopentane molecules in the axial
conformer at the time of photoexcitation will lead to an axial
absorption and resonance Raman spectrum while the mol-
ecules in the equatorial conformer at the time of photoexci-
tation will lead to an equatorial absorption and resonance
Raman spectrum. The absorption spectra and resonance Ra-
man cross sections were computed for each conformer and
then added together ~weighted by their relative populations
at 298 K! to obtain the total absorption spectrum and reso-
nance Raman cross sections that were fit to the experimental
absorption spectrum and resonance Raman cross sections.
A time-dependent approach95–99 was used to compute
the absorption spectrum of each conformer using the follow-
ing equation:
sA~EL!5~4pe2ELM 2/3n\2c !S iPi
3ReF E
0
‘
^iui~ t !&exp@ i~EL1e i!t/\#
3exp@2g~ t !#dtG . ~1!
The resonance Raman cross sections of each conformer were
calculated from
sR~EL ,vs!5S iS f PisR ,i→ f~EL!d~EL1e i2Es2e f !
with
sR ,i→ f~EL!5~8pe4ES
3ELM 4/9\6c4!u
E
0
‘
^ f ui~ t !&exp@ i~EL1e i!t/\#
3exp@2g~ t !#dtu2, ~2!AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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photon energy, n is the solvent index of refraction, M is the
transition length evaluated at the equilibrium geometry, and
d(E11e i2Es2e f) is a delta function to add up cross sec-
tions with the same frequency. Pi is the initial Boltzmann
population of the ground-state energy level ui& which has
energy e i , f is the final state for the resonance Raman pro-
cess, and e f is the energy of the ground state energy level
u f & , ui(t)&5e2iHt/\ui& which is ui(t)& developed on the ex-
cited electronic state surface for a time t by the excited state
vibrational Hamiltonian, H. The exp@2g(t)# term in Eqs. ~1!
and ~2! is a damping function dependent on the electronic
dephasing in the molecular system and for A-band iodocy-
clopentane this is expected to be mainly direct photodisso-
ciation population decay with some solvent dephasing.
The ground and excited state potential energy surfaces
were approximated using harmonic oscillators displaced by
D in dimensionless normal coordinates. The resonance Ra-
man intensities of the first several overtones as well as com-
bination bands and the absorption spectrum are determined
mainly by the slope of the excited state surface in the
Franck–Condon region in the absence of any vibrational re-
currences. The featureless gas and solution phase A-band ab-
sorption spectra for iodocyclopentane suggests the total elec-
tronic dephasing is mostly from direct photodissociation
prior to the first vibrational recurrence. A direct photodisso-
ciation reaction was approximated by cutting off the wave
packet development after 40 fs in order to avoid any signifi-
cant recurrences of the wave packet to the Franck–Condon
region. For the resonance Raman bands observed in our ex-
perimental spectra, the ^ f ui(t)& overlaps decay and obtain an
insignificant value after 30 fs. The @2g(t)# term in Eqs. ~1!
and ~2! was replaced by exp@2t/t# to simulate the effects of
solvent dephasing. The bound harmonic oscillator model
only gives a convenient method to simulate the Franck–
Condon region part of the excited state surface ~that deter-
mines the resonance Raman intensities and absorption spec-
trum! and does not indicate that the excited state is bound.
Our simulations only used homogeneous broadening of the
lines since this was adequate to simulate the resonance Ra-
man partial excitation profile and absorption cross sections.
Inhomogeneous broadening may affect the relative intensi-
ties of different bands as well as the resonance Raman cross
sections. However, we would expect that any inhomoge-
neous broadening effects on the A-band iodocyclopentane
spectra are relatively small since many previous resonance
Raman intensity analysis investigations of A-band iodoal-
kanes found little evidence or need to include substantial
inhomogeneous broadening to simultaneously model the
resonance Raman partial excitation profiles, absolute Raman
cross sections, and absorption band.29,31–33,67,72–79,82 Possible
moderate perturbations of the relative intensities may be-
come discernible when resonance Raman excitation profiles
with many data points over the A-band absorption become
available.
The normal coordinate motions were translated into in-
ternal coordinate motions in order to easily picture the
A-band short-time photodissociation dynamics of the axial
and equatorial conformations of iodocyclopentane. The cen-Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to ter of a wave packet at time t after photoexcitation and un-
dergoing separable harmonic dynamics may be specified by
qa~ t !5Da~12cos vat !, ~3!
where the time, t, is in units of fs, and the vibrational fre-
quency, va , is in units of fs21. For each mode a at the
ground electronic state equilibrium geometry we fix qa50.
The internal coordinate displacements at different times t are
then found from qa(t) by
si~ t !5~h/2pc !1/2SaAaiv¯a
21/2qa~ t !, ~4!
where si are the displacements of the internal coordinates
~bond stretches, bends, torsions, and wags as defined by Wil-
son, Decius, and Cross!100 from their ground electronic state
equilibrium values v¯a is the vibrational frequency ~in cm21!
and Aai is the normal mode coefficient (]si /]Qa), where
Qa is the ordinary dimensioned normal coordinate. The
normal-mode vectors for the axial and equatorial conforma-
tions of iodocyclopentane were found using an adapted ver-
sion of the Snyder and Schactschneider FG program.101 Pre-
viously reported ab initio optimized geometries and force
field80 were adjusted moderately to better fit the vibrational
frequencies. The adjusted force field resulted in a root-mean-
square ~rms! frequency error of 6.3 cm21 for the axial con-
formation and 7.2 cm21 for the equatorial conformation of
iodocyclopentane. The complete force field, Cartesian coor-
dinates, calculated vibrational frequencies and normal-mode
coefficients are available as supporting information
~EPAPS!.102 Table I shows the ground state normal mode
descriptions of the A-band Franck–Condon active vibrational
modes for the axial and equatorial conformers of iodocyclo-
pentane ~only diagonal contributions to the potential energy
distributions are shown!.
B. Ab initio calculation of the excited state gradient
at the ground state geometry
The relative normal mode displacement D i using the
short-time approximation can be given by
D i5kv i
23/2~]V/]Qi!0 , ~5!
where (]V/]Qi)0 is the derivative of the excited electronic
state potential energy surface with respect to the ith normal
mode at the ground state geometry. We have performed ab
initio calculations to estimate the sign and magnitude of the
normal mode displacements associated with the excited
states of the equatorial and axial conformations of iodocy-
clopentane. The G98w version of the Gaussian suite of pro-
grams was employed for all of the ab initio calculations re-
ported here.103 We performed CIS ~singles
CI!/3-21G*//Becke3P86/3-21G* and DT~RPA! ~time-
dependent density functional theory at random phase
approximation!104 /3-21G*//Becke3P86/3-21G* computa-
tions. First, we found the ground state optimized geometry
for the axial and equatorial conformations of iodocyclopen-
tane using Becke3P86/3-21G* density functional theory cal-
culations. The normal mode vibrational frequency computa-
tions were then done at the ground state optimized geometry
for each conformation. The gradient of the potential energy
surface of the excited electronic state were obtained usingAIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 03 TABLE I. Franck-Condon active ground-state normal mode descriptions for axial and equatorial conformers of
iodocyclopentane.
Vibrational mode
Expt
Freq. ~cm21!
Calc
Freq. ~cm21! Potential energy contributiona
Axial conformer
v11 , g-CH2 twist 1190 1189 HcC 36%, HcX 23%, XX 15%, HXc 12%
v12 , a-CH bend 1094 1105 ICH 43%, Cc 21%, HCc 18%, HcX 13%
v13 , ring deformation 1034 1024 ICH 29%, Cc 12%, HCc 18%
v15 , b-CH2 rock 903 900 HcX 28%, HcC 22%, Cc 18%, HXX 10%
v18 , C–I stretch 672 669 CI 36%, ICc 17%, HCc 17%, HcX 12%,
XcC 13%
v19 , cCc bend 481 481 XcC 37%, cCc 26%, HcC 22%, HcX 17%,
Cc 17%, Cl 15%, cXX 13%
v20 ,C–I stretch 286 282 CI 45%, ICc 20%
Equatorial conformer
v8 , b-CH2 wag 1308 1309 HcC 24%, Cc 20%, HcX 17%
v11 , g-CH2 twist 1190 1199 HcC 41%, HcX 28%, HXX 11%
v12 , a-CH bend 1110 1108 ICH 53%, Hcc 25%, HcC 12%
v13 , ring deformation 1026 1019 Cc 26%, Hcc 16%, ICH 15%, HcX 14%
v16 , g-CH2 rock 876 879 HXX 44%, Hxc 33%, XX 29%
v18 , C–I stretch 693 692 CI 47%, ICc 18%, XcC 22%, HcX 11%.
v19 , cCc bend 430 430 cCc 25%, Hcc 16%, HcC 14%, Cc 10%,
cXX 11%
v20 , C–I stretch 249 245 CI 44%, ICc 21%, XcC 16%
aDiagonal force constants contributing 10% or more to the total potential energy of the normal mode are listed.either the CIS/3-21G* or the DT~RPA!/3-21G* calculations.
(]V/]Qi)0 can be computed from projection of the potential
energy surface of the excited electronic state at the ground
state geometry onto the ith ground state vibrational normal
mode. In Eq. ~5!, the sign of the normal mode displacement
is determined by (]V/]Qi)0 . We used the signs of the nor-
mal mode displacements found from our ab initio calculation
determine the signs of the normal mode displacements de-
rived from our resonance Raman intensity analysis of our
experimental spectra. The ground state optimized geometry
and vibrational frequencies for the Becke3P86/3-21G* cal-
culations and the gradients found from the DT~RPA!/3-21G*
calculations are available as supporting information.102
IV. RESULTS AND DISCUSSION
Figure 1 shows the geometry of the axial and equatorial
conformations of iodocyclopentane ~note: C5the alpha car-
bon atom, c5the beta carbon atom, and X5the gamma car-
bon atom and the hydrogen atoms are labeled with subscripts
a–f ! as well as the absorption spectrum of spectrum of io-
docyclopentane in cyclohexane solution. The excitation
wavelengths for the resonance Raman experiments are
shown above the absorption spectrum in Fig. 1. The absorp-
tion spectrum is broad, featureless and very similar to
A-band absorption spectra in other iodoalkanes.27–68 The n
→s* 3Q0 transition likely accounts for most of the oscillator
strength of the iodocyclopentane A-band absorption similar
to the case for most other iodoalkanes. The bandshape and
bandwidth of the iodocyclopentane A-band absorption is also
very close to those of iodoalkanes that do not have geometri-
cal conformers and this suggests that the axial and equatorial
conformations of iodocyclopentane have absorption transi-
tions at very similar energies and likely have bandshapes
similar to other iodoalkanes.Nov 2006 to 147.8.21.97. Redistribution subject to FIG. 1. ~Top! Simple diagrams of the axial and equatorial conformers of
iodocyclopentane which can be used to help better visualize the short-time
dynamics given in Table IV. ~Bottom! Absorption spectrum of iodocyclo-
pentane in cyclohexane solution at room temperature. The excitation wave-
lengths for the resonance Raman experiments are shown above the spec-
trum.AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Raman spectra of iodocyclopentane and Fig. 3 shows an ex-
panded view of the 252.7 nm resonance Raman spectrum.
The spectra shown in Figs. 2 and 3 have been corrected for
sample reabsorption as well as the wavelength dependence
sensitivity of the detection system. Solvent Raman bands
were removed from the spectra by subtracting an appropri-
ately scaled solvent spectrum and regions with solvent sub-
traction artifacts have been labeled with an asterisk. The
larger Raman bands in the spectrum of Fig. 3 are labeled
with tentative band assignments based on previously re-
ported Raman spectra.80 The intensity of a single Raman
feature may have contributions from several Raman bands
with very similar Raman shifts due to the limited resolution
of the solution phase spectra. Therefore, the Raman band
labels in Fig. 3 only show the biggest Raman band contribu-
FIG. 2. Overview of the A-band resonance Raman spectra of iodocyclopen-
tane in cyclohexane solution. The spectra have been intensity corrected and
solvent subtracted ~asterisks mark regions where solvent subtraction arti-
facts are present!.
FIG. 3. Enlarged view of the 252.7 nm resonance Raman spectrum of io-
docyclopentane in cyclohexane solution. The spectrum has been intensity
corrected and solvent subtracted. Asterisks label parts of the spectrum where
solvent subtraction artifacts are present. The tentative assignments of the
larger contributions to the larger Raman bands are also shown.Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to tions to each Raman feature. Most of the resonance Raman
intensity can be assigned to fundamentals, overtones and
combination bands of several Franck–Condon active modes
for the axial and equatorial conformations of iodocyclopen-
tane. The axial conformation has about seven Franck–
Condon active modes: the C–I stretch v20 ~286 cm21! and
v18 ~672 cm21!, the cCc bend v19 ~481 cm21!, the b-CH2
rock v15 ~903 cm21!, the ring deformation v13 ~1034 cm21!,
the a-CH bend v12 ~1094 cm21!, and the g-CH2 twist v11
~1190 cm21!. The equatorial conformation has about eight
Franck–Condon active modes; the C–I stretch v20 ~249
cm21! and v18 ~693 cm21!, the cCc bend v19 ~430 cm21!, the
g-CH2 rock v16 ~876 cm21!, the ring deformation v13 ~1026
cm21!, the a-CH bend v12 ~1110 cm21!, the g-CH2 twist v11
~1190 cm21!, and the b-CH2 wag v8 ~1308 cm21!. Some of
the axial and equatorial Raman bands are well separated
from one another ~such as equatorial v20 and axial v20) while
others are not well separated from one another in the reso-
nance Raman spectra and appear as the sum of axial and
equatorial Raman bands. Most of the resonance Raman in-
tensity appears in the fundamentals, overtones and combina-
tion bands of the C–I stretch and cCc bend vibrational
modes for both conformations (v20 , v19 , and v18
modes!. This intensity pattern is similar to that
observed in other iodoalkane A-band resonance Raman
spectra.27–36,65–68,76,78,79 The multidimensional character of
the excited state potential energy surface and/or mixing of
the internal coordinates in the ground-state normal mode de-
scriptions complicates the extraction of the short-time pho-
todissociation dynamics from the resonance Raman intensi-
ties. To obtain the relative contributions of these two effects
and extract the short-time photodissociation dynamics asso-
ciated with the axial and equatorial conformers of iodocyclo-
pentane we have done a semiquantitative resonance Raman
intensity analysis that makes use of the normal-mode de-
scriptions of the Franck–Condon active vibrational modes.
The parameters in Table II and the simple model pre-
sented in the Calculations section were used to simulate the
absorption and resonance Raman cross sections. Since
A-band iodoalkane fundamental resonance Raman bands are
prone to interference from preresonance–resonance
effects29,33,67,73,76 from higher energy excited states, we have
given much greater weight to fitting the larger overtone and
combination band features. The computed axial and equato-
rial conformer absorption and resonance Raman cross sec-
tions were appropriately weighted ~;50% axial and ;50%
equatorial as determined by the relative intensities of the 249
cm21 and 430 cm21 equatorial bands and the 286 cm21 and
481 cm21 axial bands in a FT-Raman spectrum! and summed
to give the total absorption and resonance Raman cross sec-
tions that were then compared to the experimental values.
Figure 4 presents the calculated axial ~dotted line! and equa-
torial ~dashed–dotted line! absorption spectra and a compari-
son of their appropriately weighted sum ~dashed line! with
the experimental absorption spectrum ~solid line!. Making
allowances that the dominant 3Q0 transition probably con-
tains about 70%–90% of the A-band oscillator strength ~as is
the case for other iodoalkanes!, there is reasonable agree-
ment between the calculated and experimental absorptionAIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 03 TABLE II. Parameters for simulations of resonance Raman intensities and absorption spectra for axial and
equatorial conformers of iodocyclopentane ~A! and ~B!. Comparison of experimental and calculated absolute
Raman cross sections for the 4v20
e /v20e 1v18e /2v19a Raman feature.
~A! Axial conformer
Vibrational mode
Ground state vibrational
frequency ~cm21!
Excited state vibrational
frequency ~cm21! uDu
v11 , g-CH2 twist 1190 1190 0.2360.02
v12 , a-CH bend 1094 1110 0.3060.03
v13 , ring deformation 1034 1034 0.5060.05
v15 , b-CH2 rock 903 903 0.5760.05
v18 , C–I stretch 672 672 0.9160.05
v19 , cCc bend 481 481 3.7560.18
v20 , C–I stretch 286 286 2.4060.10
Transition length, M50.206 Å
n51.426
E0533 590 cm21 G5350 cm21
~B! Equatorial conformer
Vibrational mode
Ground state vibrational
frequency ~cm21!
Excited state vibrational
frequency ~cm21! uDu
v8 , b-CH2 wag 1308 1308 0.2760.03
v11 , g-CH2 twist 1190 1190 0.3860.03
v12 , a-CH bend 1110 1110 0.3060.03
v13 , ring deformation 1026 1026 0.3560.04
v16 , g-CH2 rock 876 876 0.5760.06
v18 , C–I stretch 693 693 0.7860.08
v19 , cCc bend 430 430 1.2060.12
v20 , C–I stretch 249 249 5.2560.25
Transition length, M50.206 Å
n51.426
E0533 950 cm21 G5390 cm21
~C! Comparison of experimental and calculated absolute Raman cross sections for the 4v20e /v20e 1v18e /2v19a
Raman feature
Excitation
wavelength
Absolute Raman cross section in Å2/molecule
Experiment Calculated
4v20
e /v20e 1v18e 2v19a 252.7 nm 1.03310210 0.91310210
266.0 nm 1.20310210 1.12310210
273.9 nm 0.83310210 0.75310210spectra. Figure 5 displays a comparison of the calculated and
experimental resonance Raman cross sections for A-band io-
docyclopentane. There is reasonable agreement between
most of the calculated and experimental Raman features but
FIG. 4. Comparison of the experimental absorption spectrum ~solid line!
with the sum ~dashed line! of the computed axial ~dotted line! and equatorial
~dashed–dotted line! absorption spectra. The computed absorption spectra
used the parameters of Table II in Eq. ~1! and the model described in the
Calculations.Nov 2006 to 147.8.21.97. Redistribution subject to several bands with contributions from fundamental peaks ex-
hibit poor agreement presumably due to preresonant–
resonant interference which has been observed for funda-
mental bands in other iodoalkane A-band resonance Raman
spectra.29,33,67,73,76 Table II also shows a comparison of the
experimental and calculated absolute Raman cross sections
for the 4v20
e /v20
e 1v18
e /2v19
a Raman feature ~the largest feature
with only combination band and overtone contributions! and
this displays good agreement between the calculated and ex-
perimental values. If any of the parameters of Table II are
changed beyond their estimated uncertainties ~about 65%–
10%; see Table II! the calculated fit to the experimental ab-
sorption band and/or resonance Raman cross sections is no-
ticeably poorer. Our overall agreement between the
experiment and calculated absorption and resonance Raman
cross sections seems reasonable bearing in mind the simple
model and approximations used in the calculations. The cal-
culations presented here are intended to provide a reasonable
method to obtain the major differences and/or similarities of
the axial and equatorial conformers excited state photodisso-
ciation dynamics in the Franck–Condon region in a semi-
quantitative manner ~the calculations are not meant to be aAIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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absorption spectrum and resonance Raman cross sections!.
The excited state dynamics in the Franck–Condon region
FIG. 5. Comparison of experimental ~solid bars! and computed ~dashed
bars! resonance Raman cross sections. The computed resonance Raman
cross sections used the parameters given in Table II in Eq. ~2! and the model
described in the Calculations.Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to associated with the A-band photodissociation of the axial and
equatorial conformers of iodocyclopentane can be obtained
from the best fit normal-mode displacement parameters in
Table II.
The normal mode descriptions of the Franck–Condon
active vibrational modes were used in conjunction with Eqs.
~3! and ~4! to elucidate the A-band short-time photodissocia-
tion dynamics of the axial and equatorial conformers of io-
docyclopentane in terms of internal coordinate motions. We
have picked 10 fs as the time to examine the short-time pho-
todissociation dynamics since the ^ f u0(t)& overlaps that help
decide the computed resonance Raman intensities usually
achieve their maxima about 5–10 fs after photoexcitation.
Since the signs of the normal mode displacements are not
known, there will be 2n (n5number of Franck–Condon ac-
tive vibrations! possible sign combinations of the normal co-
ordinate displacements of the Franck–Condon active modes
that are equally consistent with the results of the resonance
Raman intensity analysis. Because the C–I bond is under-
goes a direct photodissociation reaction mechanism, we
would expect that the C–I bond becomes longer upon pho-
todissociation. We have used ab initio calculations to help
choose the appropriate sign of the normal mode
displacements.105–110 Table III compares the results of
CIS/3-21G*//Becke3P86/3-21G*, and DT~RPA!/3-21G*//
Becke3P86/3-21G* computations for the normal mode dis-
placements with the absolute value of those determined from
resonance Raman intensity analysis of the experimental
spectra. There is generally reasonable agreement between the
calculated and experimental values for the lower frequency
modes ~below 1000 cm21! associated mainly with the carbon
ring and iodine atom as well as the axial v11 mode at 1190
cm21 and the equatorial v8 mode at 1308 cm21. These
modes account for most of the resonance Raman intensity
and associated short-time dynamics. The agreement for theTABLE III. Comparison of normal mode displacement parameters derived from a resonance Raman intensity
analysis of the experimental spectra ~experiment! and from CIS/3-21G* ~CIS! or the DT~RPA!/3-21G* ~RPA!
calculations.
Vibrational mode
Vibrational
frequency ~cm21!a
Experiment
uDu
Calculated D
CISb RPAb
~A! Axial conformer
v11 , g-CH2 twist 1190 0.2360.02 10.15 10.18
v12 , a-CH bend 1094 0.3060.03 20.04 20.09
v13 , ring deformation 1034 0.5060.05 20.04 20.02
v15 , b-CH2 rock 903 0.5760.05 20.34 20.31
v18 , C–I stretch 672 0.9160.05 20.68 20.71
v19 , cCc bend 481 3.7560.18 23.75 23.75
v20 , C–I stretch 286 2.4060.10 22.51 22.39
~B! Equatorial conformer
v8 , b-CH2 wag 1308 0.2760.03 10.17 10.19
v11 , g-CH2 twist 1190 0.3860.03 10.03 10.01
v12 , a-CH bend 1110 0.3060.03 10.02 10.07
v13 , ring deformation 1026 0.3560.04 20.05 20.03
v16 , g-CH2 rock 876 0.5760.06 20.17 20.18
v18 , C–I stretch 693 0.7860.08 11.02 11.0
v19 , cCc bend 430 1.2060.12 11.15 11.18
v20 , C–I stretch 249 5.2560.25 25.25 25.25
aExperimental freqeuncies.
bAb initio calculated results ~See Calculations for more complete description of CIS and RPA computations!.
The calculated D have been scaled to the largest displacement ~e.g., u3.75u for axial and u5.25u for equatorial!.AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tively! and the equatorial v11 , v12 , and v13 modes
~1190,1110, and 1026 cm21, respectively! is noticeably
worse and it is not clear whether the calculations underesti-
mate or the experiments overestimate the contributions of
these modes to the short-time dynamics. There is good
agreement in both sign and magnitude between the more
simple CIS calculations and the higher level DT~RPA! den-
sity functional calculations and it appears reasonable to use
the calculated signs of the normal mode displacements to
choose the corresponding signs of the experimental values.
Table IV lists the internal coordinate displacements at 10
fs after photoexcitation for the most probable sign combina-
tions of the normal coordinate displacements for the axial
and equatorial conformers of iodocyclopentane. The short-
time dynamics presented in Table IV show distinctly differ-
ent trends and can provide some insight into the major
differences/similarities between the axial and equatorial con-
formation photodissociation reactions. Figure 1 ~top! dis-
plays diagrams of axial and equatorial conformers of iodocy-
clopentane which can be used to help visualize the internal
coordinate changes given in Table IV.
The internal coordinate changes at t510 fs for the axial
conformation are smaller for the C–I stretch compared to the
equatorial conformation ~10.0146 Å for axial and 10.038 Å
TABLE IV. Most probable internal coordinate displacements of axial and
equatorial conformers of iodocyclopentane using the resonance Raman in-
tensity analysis normal mode displacements with their signs determined
from the ab initio calculated gradient of the excited state.
Internal coordinatea
Range of displacement at t510 fs
Axial conformer Equatorial conformer
CHa 20.0018 Å 10.0014Å
CI 10.0146 Å 10.038 Å
Cc 10.0455 Å 10.021 Å
cHb, cHd 10.0007,10.0030 Å ,60.001 Å
cX 20.0256 Å 20.016 Å
XHe, XHf ,60.001 Å ,60.001 Å
XX 10.0264 Å 10.011 Å
HaCI 28.7° 23.7°
HaCc 11.7° 12.8°
ICc 11.5° 10.02°
cCc 14.4° 21.6°
CcHb 14.1° 24.2°
CcHd 10.2° 22.4°
CcX 27.0° 10.4°
HbcHd 10.002° 10.3°
HbcX 20.9° 13.3°
HdcX 13.6° 12.5°
cXHe 10.2° 20.8°
cXHf 11.7° 24.4°
cXX 12.9° 10.1°
HeXHf 21.3° 0.0°
HeXX 20.4° 11.1°
HfXX 23.0° 14.0°
cCcx torsion 14.2° 11.3°
xcXx torsion 20.1° 21.4°
xXXx torsion 20.2° 10.1°
aNote: C5the alpha carbon atom, c5the beta carbon atom, and X5the
gamma carbon atom and the hydrogen atoms are labeled with subscripts
a–f ~see Fig. 1 for corresponding diagrams of the axial and equatorial
conformers of iodocyclopentane!.Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to for equatorial! while the axial changes are greater compared
to the equatorial conformer for the Cc stretch ~10.0455 Å
for axial and 10.021 Å for equatorial!, the cX stretch
~20.026 Å for axial and 20.016 Å for equatorial!, the XX
stretch ~10.026 Å for axial and 10.011 Å for equatorial!,
the HaCl bend ~28.7° or axial and 23.7° for equatorial!, the
cCc bend ~14.4° for axial and 21.6° for equatorial!, the
CcX bend ~27.0° for axial and 10.4° for equatorial!, the
cXX bend ~12.9° for axial and 10.1° for equatorial!, and the
xCcx torsion ~14.2° for axial and 11.3° for equatorial!. This
suggests that the available energy of the C–I bond dissocia-
tion is partitioned into noticeably different internal coordi-
nate distributions for the axial and equatorial conformers in
so far as the short-time dynamics correlate with the internal
energy distributions of the cyclopentyl radical photoproduct.
The Franck–Condon region C–I bond length changes asso-
ciated with the A-band photodissociation of iodoethane,
2-iodopropane, and 2-methyl-2-iodopropane show a reason-
able correlation with the amount of internal energy and the
widths of their internal energy distributions found for the
radical photoproducts as determined by time-of-flight photo-
fragment spectroscopy experiments.1,4,6,8,54,67,76,82 This sug-
gests that the equatorial conformer of iodocyclopentane may
produce cyclopentyl radicals with less internal excitation
than the axial conformer in as much as the Franck–Condon
region C–I bond length changes correlate with the internal
energy distributions of the cyclopentyl radical photofrag-
ments. This would be noticeably different than the case for
iodocyclohexane which found that the cyclohexyl radicals
formed from A-band photodissociation had more internal ex-
citation for the equatorial conformer parent than the axial
conformer parent81 and may suggest that the energy parti-
tioning of iodocyclopentane is significantly different than
that of iodocyclohexane for their axial and equatorial confor-
mations. However, time-of-flight photofragment spectros-
copy and/or vibrational mode specific pump–probe experi-
ments are needed for iodocyclopentane to determine if the
energy partitioning for cyclopentyl radicals from axial and
equatorial conformers is significantly different from that for
cyclohexyl radicals formed from iodocyclohexane since our
resonance Raman intensity analysis only probes the short-
time dynamics of the photodissociation reaction.
It is interesting that the CCI bend motion in Table IV at
10 fs is relatively small and slightly positive for both the
axial and equatorial conformations of iodocyclopentane and
this is very similar to the equatorial iodocyclohexane A-band
short-time dynamics ~0°–0.35° at 10 fs!.82 This is in contrast
to the noncyclic iodoalkanes ~like iodoethane,
2-iodopropane, 1-iodopropane, 2-methyl-2-iodopropane, and
others! which have fairly large negative CCI bend motion
values in the 10–15 fs range.67,72–79 Comparison of the re-
sults for the A-band short-time dynamics of iodocyclopen-
tane and iodocyclohexane for the CCI bend motion with that
found previously for many noncyclic iodoalkanes suggests
that the cyclic backbone of iodocycloalkanes restricts the ini-
tial CCI bend motion compared to non-cyclic iodoalkane
A-band photodissociation reactions.
The axial conformer changes in the carbon–carbon
stretch internal coordinates ~Cc, cX, and XX! are noticeablyAIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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that there may be more internal excitation of the carbon–
carbon stretch in the cyclopentyl radicals formed from the
axial conformer than the equatorial conformer in so far as the
initial dynamics correlate with the internal energy distribu-
tions of the cyclopentyl radicals. The fairly large negative
change in the HaCI angle ~28.7° for axial and 23.7° for
equatorial! and accompanying positive change in the HaCc
angle ~11.7° for axial and 12.8° for equatorial! is consistent
with the C–I bond cleavage kinematics of the a-carbon atom
being pushed into a semirigid radical. The cCc angle be-
comes larger for axial ~14.4°! but smaller for equatorial
~21.6°!. This also appears to be consistent with the a-carbon
atom being pushed into a semirigid radical ~the axial con-
former pushes the a-carbon atom toward the plane of the
cXXc atoms while the equatorial conformer a-carbon is
moved further away from the cXXc plane!. The larger inter-
nal coordinate changes for the carbon–carbon stretch and
bending motions for the axial conformer relative to the equa-
torial conformer may account for the somewhat larger tor-
sional motion about the Cc bond for the axial conformer.
Several of the carbon–carbon–hydrogen bend motions dis-
play an interesting trend; the CcHb, CcHd, cXHe, cCHf,
HeXX, and HfXX motions have different signs for the axial
vs the corresponding motion in the equatorial conformation.
It is not clear why this occurs. Since these motions are not as
well determined as the lower frequency carbon/iodine ones
~CC stretches, CCC bends, CCI bend, CI stretch, and tor-
sions! from our resonance Raman intensity analysis, we will
not speculate further on the HCC bending motions.
The most probable short-time dynamics for the axial and
equatorial conformers are noticeably different from one an-
other for many stretch, bend, and torsional motions which
suggests that the available energy of the C–I bond cleavage
partitioned to the cyclopentyl radical photoproduct will have
noticeably different distributions among the internal modes
excited in so far as the initial dynamics determine the inter-
nal energy distributions of the cyclopentyl photofragment.
The axial and equatorial conformation initial dynamics for
the C–I bond are noticeably different from one another and
suggests that they may impart differing amounts of internal
excitation to the cyclopentyl photoproduct. The axial con-
former initial dynamics ~at 10 fs! experiences larger changes
in the Cc, cX, and XX stretches, the cCc, CcX, and cXX
bending motions, and the xCcx torsional motion relative to
the equatorial conformer. Comparison of the carbon–
carbon–iodine ~CCI! bend initial photodissociation dynamics
for both conformers of iodocyclopentane, the equatorial con-
former of iodocyclohexane,82 and noncyclic iodoalkanes
~such as iodoethane, 2-iodopropane, 2-methyl-2-iodoproane,
and 1-iodopropane!67,72–79 shows that the cyclic iodocyclo-
hexane and iodocyclopentane values are significantly smaller
than the noncyclic iodoalkanes. This suggests that the cyclic
backbone restricts the initial CCI bend motion compared to
noncyclic iodoalkane A-band photodissociation reactions.
Further work is needed to better understand the axial and
equatorial iodocyclopentane A-band photodissociation dy-
namics and energy partitioning. To obtain more accurate ini-
tial A-band dissociation dynamics, it might be beneficial toDownloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to obtain resonance Raman spectra of isotopic derivatives of
iodocyclopentane ~such as deuterated or carbon 13 labeled
derivatives! and/or attempt more sophisticated and computa-
tionally intensive ab initio calculations. The reader is re-
ferred to several recent review articles for more in depth
discussions of the difficulties in choosing the signs of the
normal mode displacements in resonance Raman intensity
analysis investigations.98,99 Other experimental work to
probe the energy partitioning for the A-band iodocyclopen-
tane photodissociation products should prove very reward-
ing. Molecular beam experiments such as time-of-flight pho-
tofragment spectroscopy could determine the degree of
internal excitation of the cyclopentyl radical photoproduct
and vibrational mode-specific techniques such as multipho-
ton ionization ~MPI!, time-resolved infrared emission or ab-
sorption, and time-resolved Raman spectroscopy could elu-
cidate the vibrational ~and possibly the rotational as well!
energy distributions for the cyclopentyl radical photoproduct.
These types of experiments would enable a detailed investi-
gation of how the initial A-band photodissociation dynamics
of iodocyclopentane correlate with the internal excitation of
the cyclopentyl radical photoproduct.
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